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Prescribed fire is widely used to manage fuels in high-frequency, low-severity fire regimes including pine
flatwoods of the southeastern USA where prescribed burning during the growing season (the frost-free
period during the calendar year) has become more common in recent decades. Growing season pre-
scribed fires address ecological management objectives that focus on increasing herb cover and decreas-
ing shrub cover. The shift from shrub to herb dominance due to burning in the growing season
corresponds to a change in surface fuels that could affect fire behavior, yet little has been done to assess
the potential effects. We examined the effects of season-of-burn on shrub and herbaceous fuel layers and
predicted fire behavior at replicate plots on frequently burned mesic pine flatwoods for two
season-of-burn treatments (growing and dormant season prescribed fires) in two geographic regions
in northern Florida. The Fuel Characteristic Classification System was used to construct a representative
fuelbed for each plot at each sampling time to predict fire behavior. Predicted fire behavior was tested for
correlation with measured surface fuel properties to determine if there was an effect from differences in
fuels characteristics across treatments. In addition, fire temperature was measured in situ as a proxy for
fire intensity and tested for treatment effects on the re-growth of live surface fuels. Compared to single
dormant season burns, our single growing season burns caused no changes to live understory fuels and
had no detectable effect on fire behavior, although predicted rate of spread and flame length were signif-
icantly reduced after all prescribed burns. Shrub cover and predicted fire behavior were, however, signif-
icantly different between geographic regions, and shrub height was significantly affected by fire
temperature. Predicted fire behavior was strongly correlated with measures of the litter and herb strata.
Results from this study suggest that land managers should not initially expect large changes in under-
story fuel properties or potential fire behavior from a shift to burning during the growing season and
show that geographic location and fire intensity had significant effects on live fuels and potential fire
behavior.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction Skinner, 2005; O’Brien et al., 2010). Shifting season-of-burn from
Throughout the USA, prescribed fire is used to manage fuels
(Schwilk et al., 2009; Stephens et al., 2012) and is recommended
to counter the negative ecological effects of human activities, such
as fire suppression and climate change, in ecosystems with
high-frequency, low-severity fire regimes (Stephens and Ruth,
2005; Ryan et al., 2013). Using prescribed fire requires an under-
standing of how variation in its application affects ecosystem prop-
erties, fuel characteristics, and potential fire behavior (Agee and
the dormant season to the growing season has been gaining atten-
tion as a treatment option because doing so can affect vegetation
dynamics and produce ecological benefits (Knapp et al., 2009). In
the southeastern USA, prescribed fire is widely used to control
fuels, particularly understory shrubs and hardwood trees in
fire-adapted pine forests (Melvin, 2012). While much research
has been focused on the ecological effects of season-of-burn (e.g.
Robbins and Myers, 1992), scant attention has been given to the
effects on fuels and fire hazard, important considerations given
that managing fire potential is often a primary goal of prescribed
burning in this region (Marshall et al., 2008; O’Brien et al., 2010).

The pine flatwoods ecosystem is widespread throughout the
coastal plain of the southeastern USA. When frequently burned,
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it is characterized by an open canopy of pines, most commonly lon-
gleaf pine (Pinus palustris Mill.), and a biologically diverse under-
story of herbs and shrubs (Hardin and White, 1989). Prior to
European settlement, the mean fire-return interval for longleaf
pine forests was 2.2–3.2 years, with a shorter median, and most
fires occurred during the growing season (Bale, 2009; Henderson,
2006; Stambaugh et al., 2011). Fire frequency drives understory
composition in pine flatwoods with herbs favored at shorter
fire-return intervals (Brockway and Lewis, 1997). This effect is
enhanced by growing season fires when fire-return intervals are
less than two years, however, the magnitude of the seasonal effect
appears to vary geographically (Haywood et al., 2001; Glitzenstein
et al., 2003).

The use of prescribed fire in the pine flatwoods ecosystem has
shifted seasonally over the past several decades. The dormant sea-
son was the preferred burning period when fire was reintroduced
as a management tool in the 1940s (Stanturf et al., 2002). Burns
during the dormant season were favored because dry air and pre-
dictable winds following wetting rains produced manageable fire
behavior and good smoke dispersion. A more recent focus on
endangered species preservation and maintenance of biological
diversity has prompted land management agencies to increase
the frequency of burning and extend burning operations into the
growing season with the goal of reducing the shrub component
and increasing abundance of bunchgrasses and other herbaceous
species (Ferguson, 1998; McWhite et al., 1999). This shift in under-
story composition is desirable because herb-dominated understo-
ries have greater plant diversity (Glitzenstein et al., 2012), and
provide habitat for the gopher tortoise (Gopherus polyphemus;
Cox et al., 1987) and the red cockaded woodpecker (Picoides bore-
alis; Van Balen and Doerr, 1978; James et al., 1997), two vulnerable
keystone species (Eisenberg, 1983; Conner et al., 2004); and the
bobwhite quail (Colinus virginianus), an important game species
(Schroeder, 1985).

Manipulating season-of-burn to alter the understory has impli-
cations for potential fire behavior because the amount and struc-
ture of surface fuels differ between shrub- and herb-dominated
types (Anderson, 1982). Measures of fire behavior can be high for
shrub-dominated vegetation (Saglam et al., 2008; Hough and
Albini, 1978; Andreu et al., 2012). Because biomass of fine-dead
and volatile-live fuels accumulates rapidly, shrub-dominated fuel-
beds can support intense fires that are difficult to control. In
forested areas, taller shrub-dominated fuelbeds decrease the gap
between surface fuels and the tree canopy, increasing the probabil-
ity of crown fire. In pine flatwoods, the shrub understory compo-
nent can be managed with regular prescribed burning. Without
regular burning, however, the rapid growth of shrubs (Fig. 1) con-
tributes to surface fuel levels that can support high-intensity fires
(Brose and Wade, 2002; Kreye et al., 2014). In contrast,
herb-dominated fuel types tend not to support high-intensity fires
because herb biomass does not accumulate to the same level as
shrubs and fuel height remains relatively low (Yospin et al.,
2012). Herb-dominated fuel types can affect fire behavior in other
respects, however. Higher surface area-to-volume (SAV) ratio and
near-optimal packing of continuous herbaceous fuelbeds can sup-
port high rates of fire spread. In addition, as herbaceous fuels cure
and their moisture content decreases toward the end of their phe-
nological growth cycle, they can have a high probability of ignition.

The goal of this study was to determine how season-of-burning
influences live fuel characteristics and therefore potential fire
behavior in the pine flatwoods ecosystem. The objectives were: (1)
to quantify the effects of prescribed burning in the dormant and
growing seasons on post-burn fuel loading, cover, and height of live
understory fuels, and (2) to determine the extent to which differ-
ences in post-burn live surface fuel recovery influences fire behavior
in stands managed with prescribed fire in different seasons.
We hypothesized that, relative to dormant season burns, grow-
ing season burns would cause a small shift toward herbs and away
from shrubs with a similarly minor decline in fire behavior. The
hypothesized direction and magnitude of expected change in live
understory fuels was based on results from other published exper-
iments in similar ecosystems in the southeastern USA where the
effects of dormant season and growing season burns have been
compared. Although the effects were minor, single growing season
burns were found to increase herb production in an upland longleaf
pine forest in central Louisiana (Grelen and Epps, 1967), decrease
understory hardwoods in an oak-hickory (Quercus–Carya) forest
in central Virginia (Brose, 2010), and decrease saw palmetto
(Serenoa repens (W. Bartram) Small) in pine flatwoods in central
and southern Florida (Willcox and Giuliano, 2010). The direction
and magnitude of our hypothesized shift in live understory fuels
is also suggested by long-term studies of season-of-burning in
fire-adapted loblolly (Pinus taeda L.) and longleaf pine ecosystems
(Waldrop et al., 1987; Haywood et al., 2001; Glitzenstein et al.,
2003). These long-term studies show that individual growing sea-
son fires cause incremental shifts that favor herbs, and when
applied consistently at short intervals, in some cases, can cause a
large shift from shrub- to herb-dominated understory vegetation.
Relative to dormant season fires we expect predicted fire behavior
following growing season fires to decline based on known differ-
ences in fire behavior between shrub- and herb-dominated fuel
types, namely that herbaceous fuel loading is typically lower than
shrub fuel loading which tends to reduce measures of fire intensity
(Brose and Wade, 2002; Kreye et al., 2014).

2. Methods

2.1. Study area

The study area encompasses mesic, mature pine flatwoods on
federally managed lands in northern Florida (Fig. 2). The climate
in northern Florida is humid-subtropical (Kottek et al., 2006) and
temperatures range from an average minimum of 5 �C in January
to an average maximum of 33 �C in July. Average annual precipita-
tion is 1525–1650 mm with peak rainfall in July associated with
convective thunderstorm activity. Dry periods occur in October–
November and April–May. Eglin Air Force Base (EAFB) is character-
ized by broad plateaus dissected by dendritic streams to the north
and flat coastal lowlands to the south; soils in pine flatwoods are
generally somewhat poorly to moderately well-drained Entisols
(Overing and Watts, 1989; Overing et al., 1995). Topography of
the Apalachicola National Forest and St. Marks National Wildlife
Refuge (APSM) is flat and, where pine flatwoods are present, soils
are commonly poorly drained sandy Spodosols (Sanders, 1981;
Allen, 1991). Pine flatwoods in the study area are characterized
by an overstory dominated by longleaf pine, an open midstory,
and an understory of shrubs and herbs, including saw palmetto,
gallberry (Ilex glabra (L.) A. Gray), dwarf live oak (Quercus minima
(Sarg.) Small), Darrow’s blueberry (Vaccinium darrowii Camp),
wiregrass (Aristida stricta Michx.), bluestem (Andropogon L. and
Schizachyrium Nees), hairy trilisa (Carphephorus paniculatus (J.F.
Gmel.) Herb.), and silk-grass (Pityopsis graminifolia (Michx.) Nutt.).

2.2. Study design

Growing and dormant season burn treatments were replicated
eight times across the study and evenly allocated between two
geographic regions (i.e., four replicates per region; Fig. 2).
Repeated measurements of understory fuels were conducted dur-
ing the dormant season no more than five months before treat-
ment, and immediately (within one month), one year, and two
years post-treatment. The dormant season was defined as the



Fig. 1. Prescribed burn demonstration plot at St. Marks National Wildlife Refuge, Florida, USA showing biennially burned (left) and unburned (right) fuels in mesic longleaf
pine flatwoods.

Fig. 2. Location of 2–4.5 ha mesic longleaf pine flatwoods season-of-burn treatment plots in northern Florida. Inset: box shows general area of treatment plots relative to the
historic distribution of longleaf pine in the southeastern USA.
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period between October 15 and March 14, and the growing season
was March 15 to October 14, which corresponds to the typical
frost-free period for northern Florida. Burns were conducted
between December 2009 and July 2010 (Table 1). Replicates, or
treatment plots, ranged from 2 to 4.5 ha in area and were located
in mature, mesic longleaf pine stands that were at least 2 ha and
were part of larger (10s to 100s of ha) administrative units. To
reduce the influence of confounding variables, plots were located
in stands with similar age, vegetation composition (characteristic
mesic pine flatwoods vegetation, as described above),
time-since-last-fire, and disturbance history that included at least
20 years of prescribed burning at 3–5 year intervals and no evi-
dence of other past disturbances (i.e., high severity fires, grazing,
silvicultural treatments, or agriculture). This study utilized
operational prescribed burns conducted on administrative units
as treatments. We identified and measured pre-fire fuels in 22
stands of mature longleaf pine that met these selection criteria
throughout the study area. Six stands were excluded from the anal-
ysis because burns were not conducted within the treatment win-
dow (n = 3), were conducted on the same day (n = 2), or plots were
burned again before the final repeated measurement was con-
ducted (n = 1). Within each plot, subplot markers (n = 20) were sys-
tematically established on a 40-m grid arranged to provide a buffer
of the same distance from sources of edge effect including stand
boundaries (e.g., changes in forest age, composition, or structure)
and roads (Fig. 3). As we were interested in how vegetation and
fuels recover following fires in different seasons, immediate
post-burn data were not used in this study.



Table 1
Geographic region, fire history, burn date, season-of-burn, day-of-burn weather, and thermocouple data ð�x� SEÞ for season-of-burn treatment plots in northern Florida, USA.
Except where noted ambient temperature data were collected on site from portable weather stations. A total of 15 thermocouples were deployed at each plot.

Plot no. Geographic
region

Fire historya Treatment burn

Season-of-
last-burn

Time-since-
last-fire
(years)

Burn date Season-
of-burn

Air temp. (�C)b Relative
humidity (%)

MTT (�C)c Residence
time (s)c

Thermocouples
exposed to flame

1d EAFB Dormant 2.9 12 January 2010 Dormant 9 46 437 ± 26 29 ± 3 13
2e EAFB Growing 4.5 23 December 2009 Dormant 17 73 400 ± 33 25 ± 5 2
3 EAFB Dormant 1.9 23 January 2010 Dormant 14 85 356 ± 42 20 ± 10 14
4 EAFB Growing 4.9 21 February 2010 Dormant 3 33 504 ± 33 41 ± 5 12
5 EAFB Dormant 3.2 8 May 2010 Growing 29 70 332 ± 57 19 ± 8 8
6 EAFB Dormant 2.1 30 March 2010 Growing 21 28 371 ± 23 20 ± 3 13
7 EAFB Dormant 2.2 8 May 2010 Growing 30 65 438 ± 32 35 ± 7 9
8 EAFB Dormant 5.2 19 March 2010 Growing 20 41 395 ± 45 28 ± 6 10
9 APSM Dormant 3.3 18 February 2010 Dormant 14 27 430 ± 42 34 ± 8 7

10 APSM Dormant 5.0 11 February 2010 Dormant 6 52 389 ± 42 22 ± 4 11
11d APSM Dormant 2.9 14 January 2010 Dormant 12 58 485 ± 24 31 ± 3 14
12 APSM Dormant 2.3 17 February 2010 Dormant 8 42 522 ± 35 34 ± 4 15
13 APSM Dormant 2.3 19 May 2010 Growing 26 65 472 ± 37 33 ± 5 10
14 APSM Dormant 2.6 2 June 2010 Growing 29 66 332 ± 28 20 ± 5 8
15 APSM Growing 2.0 22 July 2010 Growing 34 57 460 ± 27 31 ± 4 13
16 APSM Dormant 2.5 9 July 2010 Growing 36 47 423 ± 40 30 ± 5 13

a Information about most recent prescribed fire prior to treatment burn.
b Air temperature at time of burn treatment.
c Maximum thermocouple temperature (MTT) and residence time is the average value from thermocouples exposed to flame.
d Weather data collected with handheld instruments.
e Weather data from Eglin Air Force Base Remote Automated Weather Station B-75 (N30�33.220 W86�45.610) located 9.8 km from plot.
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2.3. Fuel sampling

Data were collected to test the effect of season-of-burn treat-
ments on live surface fuels. Fuel loading of understory vegetation
by life form (i.e., shrubs and herbs), litter, and 1-h (<0.64 cm diam-
eter) and 10-h (0.64–2.54 cm diameter) timelag fuel classes for
downed-woody fuels was inventoried using standard destructive
methods (Wright, 2013) from 20 biomass subplots at each of the
four sampling times. Biomass subplots were located 10 m apart
along a 40 m line between subplot markers and assignment of
sampling time was based on consecutive order (Fig. 3). The sam-
pling area for biomass subplots varied (0.5 m2, 1 m2, and 4 m2)
according to the fuel type to balance precision, accuracy, and sam-
pling effort. Coverage of understory vegetation by life form, and
100-h (2.54–7.62 cm) and 1000-h (>7.62 cm) timelag fuel classes
for downed-woody fuel loading were measured at each sampling
time on two 20-m transects of random azimuth originating from
subplot markers by using line intercept (Canfield, 1941;
Stephenson and Buell, 1965) and planar intersect (Brown, 1974)
sampling methods, respectively. Transect endpoints were marked
so that they could be remeasured at each sampling time. Three
points were established along each transect (for a total of 120
points per treatment plot) to estimate litter and duff depth, vege-
tation height by life form, and canopy cover at each sampling time.
Vegetation height was estimated as the average height of plants
within a one meter radius of the measurement point (Burgan and
Rothermel, 1984) and canopy cover was estimated by using the
vertical tube method (Johansson, 1985). Subplot data were aver-
aged for each sampling time for each treatment plot.

2.4. Fire weather and in-fire temperature observations

To document day-of-burn weather conditions, temperature, rel-
ative humidity, wind speed, and wind direction were measured
adjacent to each plot using portable weather stations (WatchDog
2000 Series, Spectrum Technologies Inc., Aurora, IL). In three
instances observations were collected with handheld instruments
(Kestrel� 4000, Nielsen-Kellerman, Birmingham, MI) or inferred
from nearby remote automated weather stations (Table 1). To
adjust for the effects of fire intensity on post-fire herb and shrub
growth, in-fire temperature was recorded in situ at each plot with
an array of 15 thermocouples. Thermocouples provide a useful
gauge of the physiological effects of fire by recording heat duration
and flame temperature (Kennard et al., 2005). During burn treat-
ments temperature was measured at 3–5 s intervals with
20-gauge wire, type-K thermocouples insulated with ceramic fiber
(XCIB-K-2-7-3, OMEGA� Engineering, Stamford, CT) connected to
single-channel data loggers (EL-USB-TC-LCD, Lascar Electronics,
Ltd., Salisbury, UK; HOBO� U12-014, Onset� Corp., Bourne, MA).
Thermocouples were arrayed systematically 3 m from the first 15
subplots and sensors were suspended 5 cm above the litter surface
(Fig. 3). Temperature time series were used to calculate flame res-
idence time (RT), defined as seconds with temperature readings
above 300 �C (Wotton et al., 2012), and maximum thermocouple
temperature (MTT; Wally et al., 2006). RT and MTT were averaged
for each treatment plot for all thermocouples exposed to flame.

2.5. Fire behavior predictions

The Fuels Characteristic Classification System (FCCS; Ottmar
et al., 2007) was used to construct custom fuelbeds from measured
surface fuel characteristics and to predict fire behavior for each
plot at pre-fire, 1-year, and 2-year post-fire sampling times (48
custom fuelbeds). Reaction intensity (RI; kW m�2), rate-of-spread
(ROS; m min�1), and flame length (FL; m) were compared between
treatments and geographic regions over time. The FCCS is a fire
management decision support tool that includes a surface fire
behavior prediction model based on a reformulation of the
Rothermel quasi-steady-state fire spread model (Rothermel,
1972; Sandberg et al., 2007). The FCCS surface fire spread model
differs from the Rothermel model by explicitly modeling the heat
sink and heat source for each surface fuel stratum, providing a
framework to evaluate differences in fire behavior among fuelbeds
constructed with field data as direct inputs (Sandberg et al., 2007).
FCCS fuelbeds are divided into six strata that represent unique
combustion environments and include tree canopies, shrubs,
herbs, woody fuels, litter, and duff (Riccardi et al., 2007).

To characterize fuelbeds we used an existing FCCS fuelbed,
‘‘Longleaf pine-slash pine (Pinus elliottii Engelm.)/gallberry forest’’
(FCCS fuelbed 191), as a template for the canopy fuel stratum



Fig. 3. Aerial photo showing systematic location of subplots (n = 20) within stand boundaries of a mesic pine flatwoods plot. Schematic illustration shows fuel sampling
design within a subplot.
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and for intrinsic fuel properties such as heat content and bulk den-
sity. This fuelbed was selected because its characteristics were a
close match to the dominant overstory and understory species,
and the 20-year mean fire-return interval (4.3 years) at our plots.
We customized the inputs of the surface fuel strata for each
fuelbed with our fuel inventory measurements (Table 2). All input
data for plots were averaged from subplots and are included in
Appendix A. Fire behavior was simulated for all resulting fuelbeds
under the same benchmark environmental conditions of no slope,
6.4 km h�1 wind speed, and fuel moisture contents of 6% for 1-h
fuels, 7% for 10-h fuels, 8% for 100-h fuels, 60% for graminoids
and forbs, and 90% for shrubs (i.e., the D2L2 scenario of Scott and
Burgan, 2005). Benchmark environmental conditions were used
so that we could compare relative differences in fire behavior asso-
ciated with differences in fuels; predictions do not necessarily rep-
resent prescribed burning conditions.

2.6. Data analysis

Repeated measures analysis of variance (Crawley, 2007) with
season-of-burn and geographic region as explanatory variables,
and sampling time as a repeated measure was used to test the
effect of dormant and growing season burns on the difference
between pre- and post-fire shrub and herb fuels and measures of
predicted fire behavior. Interaction terms were limited to
two-way interactions (i.e., season-of-burn � time, region � time,
season-of-burn � region). Tukey’s Honestly Significant Difference
post hoc multiple comparison tests (Tukey, 1973) were conducted
to examine change within treatment levels across sampling time
and between treatment levels for each sampling time. MTT was
assessed for significant correlation with live fuel variables and
incorporated into the repeated measures model as a covariate
when significant. Model residuals were assessed for homogeneity
of variance and normality; assumptions were met for each.
Outliers were identified by flagging absolute standardized residu-
als that lie outside the 95% confidence interval of the standard nor-
mal distribution. If outliers were present, statistical tests were
repeated without them to determine their influence on model
interpretation. To determine if fire intensity was different between
the season-of-burn treatments or geographic region, MTT for each
variable was tested with a two-sample t test (Appendix B). Because
of its high correlation with MTT (q = 0.915, P < 0.001), RT was not
used as a proxy for fire intensity. The effect of live fuels on pre-
dicted fire behavior over the range of sampled conditions was
studied using correlation and regression analysis. Litter fuel load-
ing is calculated as a function of depth, type, and coverage in
FCCS v 2.2 (Riccardi et al., 2007) and therefore excluded from the
correlation analysis as the FCCS did not accept direct input of mea-
sured litter loading. Phenological differences (i.e., the presence of
leaves on deciduous species) in live fuels at plots burned and sam-
pled in the growing season introduced a potentially confounding
variable that was assessed by adjusting live fuel measurements
with paired plot data (see Appendix C).

Given the small sample size and high probability of Type II
error, statistical significance for tests was evaluated at a = 0.1. A
Bonferroni correction was made on t tests and Tukey P values in
instances where two analyses were conducted on the same data
(i.e., separate tests for the effect of season-of-burn and region on
MTT and separate post hoc tests for the effect of
season-of-burn � time and region � time interactions on shrub



Table 2
Data source and measurement unit by input variable used to build FCCS fuelbeds to represent treatment plots at different sampling times in northern Florida (see Appendix A for
input values).

Input variables Data source Measurement units

Fuelbed FCCS191: Longleaf pine-slash pine/gallberry
forest (2–3 year prescribed fire rotation)

Selected based on vegetation type, mean fire rotation period, and mean canopy cover
for treatment plot from measured values from canopy cover points

Canopy Used default values for FCCS191

Shrubs
Cover Mean cover value for treatment plot from measured values from line intercept

transects
%

Height Mean height value from height sampling points Meters
Loading Mean biomass for treatment plots from 1 m2 and 4 m2 biomass subplots Megagrams hectare�1

Herbs
Cover Mean cover value for treatment plot from measured values from line intercept

transects
%

Height Mean height value from height sampling points Meters
Loading Mean biomass for treatment plots from 1 m2 biomass subplots Megagrams hectare�1

Woody fuels
1-h and 10-h loading Mean loading value for treatment plot from 0.5 m2 biomass subplots Megagrams hectare�1

100-h and 1000-h loading Mean loading value for treatment plot from measured planar intersect inventory Megagrams hectare�1

Litter
Cover Mean cover value for treatment plot from measured values from line intercept

transects
%

Depth Mean depth value from depth sampling points Millimeters
Loading Calculated from cover and depth Megagrams hectare�1

Duff
Cover Percent of depth sampling points with duff present (depth > 1 mm) %
Depth Mean depth value from depth sampling points Millimeters
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cover, shrub height, ROS, and FL). Thus, a = 0.1�2, or 0.05, was used
as a level of significance. Statistical analyses were conducted with
R version 3.1.1 (R Development Core Team, 2014). Except when
noted, results are presented as the plot mean ± standard error.

3. Results

3.1. Shrub fuels

Pre-fire shrub cover did not differ (Tukey P = 1.000; Fig. 4)
between plots burned in the dormant (41.2 ± 3.3%) and growing
(42.6 ± 4.0%) seasons. There was a season-of-burn � time interac-
tion (P = 0.057) indicating that reduction of shrub cover one year
after treatment was slightly greater at plots burned in the growing
season, but variability within each season-of-burn treatment group
was high and, as a result, the slightly greater reduction of shrub
cover at plots burned during the growing season was not signifi-
cant (Tukey P P 0.955). An interaction between geographic region
and time (P < 0.001) suggested that prescribed burning reduced
shrub cover more at EAFB (Fig. 5). Within each region changes in
shrub cover over time were not significant (Tukey P = 0.307).
There was, however, a significant difference between regions. A
nonsignificant difference between APSM (44.7 ± 4.7%) and EAFB
(39.1 ± 1.5%) before (Tukey P = 0.876) and one year after (Tukey
P = 0.110) treatment became significant the second year after
treatment (Tukey P = 0.004) when shrub cover was 19.9 ± 6.3%
lower at EAFB. MTT did not explain a significant amount of varia-
tion in post-fire shrub cover (P = 0.609) and was not included as
a covariate in the test for the effect of season-of-burn.

Pre-fire shrub fuel loading averaged across all plots was
2.59 ± 0.28 Mg ha�1 and there was no season-of-burn treatment
effect on post-fire shrub growth; season-of-burn alone and
season-of-burn � time and season-of-burn � region interactions
were not significant (P P 0.221; Fig. 4). For geographic region,
pre-fire shrub fuel loading was not different (Tukey P = 1.000)
between APSM (2.60 ± 0.46 Mg ha�1) and EAFB
(2.58 ± 0.35 Mg ha�1) but there was a significant region � time
interaction (P = 0.091). Mean shrub fuel loading appeared to
decline more at EAFB after burning (Fig. 5), but variability among
plots was high and post hoc testing showed that the change in
shrub fuel loading over time was not significant for either geo-
graphic region (Tukey P P 0.232) and that shrub fuel loading the
first and second years after treatment at EAFB was not lower than
APSM (Tukey P P 0.559). MTT did not explain a significant amount
of variation in post-fire shrub fuel loading (P = 0.160) and was not
included as a covariate in season-of-burn tests.

Pre-fire shrub height averaged across all plots was 0.58 ± 0.03 m.
Season-of-burn alone and season-of-burn � time and
season-of-burn � region interactions were not significant
(P P 0.265; Fig. 4). Shrub height differed significantly regionally
(P = 0.057), based on significant differences for the second year after
treatment (Tukey P = 0.026), when mean shrub height was
0.48 ± 0.03 m at APSM and 0.56 ± 0.02 m at EAFB. Mean shrub
height at APSM was lower than at EAFB across all times (Fig. 5),
which was the opposite of the regional trend that was observed
for shrub cover and fuel loading. Although mean shrub height
was slightly lower at APSM before and one year after treatment,
these differences were not significant (Tukey P P 0.158). As one
might expect, shrub height declined significantly by 0.09 ± 0.02 m
at APSM (Tukey P = 0.016) and by 0.15 ± 0.04 m at EAFB (Tukey
P = 0.004) from pre-fire to 1-yr post-fire. By the second year after
treatment, however, mean shrub height was no longer significantly
different from pre-fire means for either geographic region (Tukey
P P 0.262). MTT explained a significant amount of variation in
post-fire shrub height (P = 0.060), which declined with increasing
MTT, and was included as a covariate in season-of-burn tests.

3.2. Herb fuels

Pre-fire herb cover averaged across treatments was 20.3 ± 3.8%.
Season-of-burn alone and season-of-burn � time and
season-of-burn � region interactions were not significant
(P P 0.462; Fig. 4). Mean herb cover tended to decrease after burn-
ing and, although time was a significant term in the overall model



Fig. 4. Live fuel cover, loading, and height for understory (a) shrub and (b) herbaceous fuel layers, and (c) fire behavior predictions from custom FCCS fuelbeds for pre-fire, 1-
year post-fire, and 2-years post-fire at treatment plots grouped by season-of-burn. Means with the same uppercase letter are not significantly different among sample times
within season-of-burn treatments and means with the same lowercase letter are not significantly different between season-of-burn treatments for a sample time (Tukey
P 6 0.1). Bars without letters are not significantly different.
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(P = 0.005), variability among plots was high and post hoc testing
was unable to identify significant changes in herb cover among
sampling times (Tukey P P 0.149). Mean herb cover was slightly
lower at APSM for each sampling time (Fig. 5) but this difference
was not significant (P = 0.316). MTT did not explain a significant
amount of variation in post-fire herb cover (P = 0.867) and was
not included as a covariate to test for the effect of season-of-burn.

Pre-fire herb fuel loading averaged across all plots was
0.81 ± 0.15 Mg ha�1. Season-of-burn alone and season-of-burn �
time and season-of-burn � region interactions were not significant
(P P 0.189; Fig. 4). Sampling time was not significant (P = 0.243)
and suggested that herb fuel loading recovered to pre-treatment
levels within the first post-treatment sampling time. As with herb
cover, mean herb fuel loading was consistently lower at APSM for
all sampling times (Fig. 5), however, this difference between geo-
graphic regions was not significant (P = 0.246). MTT did not explain
a significant amount of variation in post-fire herb fuel loading
(P = 0.585) and was not included as a covariate in season-of-burn
tests.

Pre-fire herb height averaged across treatments was
0.27 ± 0.10 m. Season-of-burn alone and season-of-burn � time
and season-of-burn � region interactions were not significant
(P P 0.168; Fig. 4). Mean herb height tended to decrease after
burning and post hoc testing showed that herb height the first
(0.18 ± 0.01 m) and second (0.17 ± 0.01) years after treatment
was significantly lower (Tukey P < 0.001) than pre-fire herb height.
As with herb cover and fuel loading, mean herb height was slightly
lower at APSM for each sampling time (Fig. 5), but this difference
was not significant (P = 0.179).

3.3. Predicted fire behavior

Prior to treatment, predicted RI, ROS, and FL averaged across
all plots was 670 ± 52 kW m�2, 1.41 ± 0.09 m min�1, and



Fig. 5. Live fuel cover, loading, and height for understory (a) shrub and (b) herbaceous fuel layers, and (c) fire behavior predictions from custom FCCS fuelbeds for pre-fire, 1-
year post-fire, and 2-years post-fire at treatment plots grouped by geographic region. Means with the same uppercase letter are not significantly different among sample
times within geographic region and means with the same lowercase letter are not significantly different between geographic regions for a sample time (Tukey P 6 0.1). Bars
without letters are not significantly different.
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0.91 ± 0.05 m, respectively. All three predicted fire behavior metrics
decreased after burning but season-of-burn alone and
season-of-burn � time and season-of-burn � region interactions
were not significant (P P 0.126; Fig. 4). Predicted RI, ROS, and FL dif-
fered significantly regionally (P 6 0.035). For all sampling times the
mean predicted RI, ROS, and FL at APSM were lower than at EAFB
(Fig. 5), however post hoc testing showed that, except for predicted
FL, these differences were not significant (Tukey P P 0.165). Relative
to EAFB, predicted FL at APSM was 0.25 ± 0.07 m lower before treat-
ment (Tukey P = 0.021) and 0.22 ± 0.07 m lower the first year after
treatment (Tukey P = 0.055). Although predicted FL at APSM was
0.20 ± 0.11 m lower than EAFB the second year after treatment, this
difference was not significant (Tukey P = 0.105).

3.4. In-fire temperatures

Distribution of MTT and RT were weakly bimodal and the aver-
age MTT was 423 �C with a range of 332–522 �C (Table 1). Average
RT was 28 s and ranged from 19 to 41 s. No differences in MTT
were observed between dormant season and growing season burns
or between geographic regions (see Appendix B).

3.5. Correlation between predicted fire behavior and surface fuel
properties

Measures of the litter and herb fuel strata were most strongly
correlated with predicted fire behavior, while correlation coeffi-
cients for the shrub layer were consistently low (Table 3).
Herbaceous fuel loading was strongly correlated with predicted
RI. Cover of herbs and litter, which were additive categories in
our sample data, had opposite relationships with predicted RI.
Other surface fuel measures correlated with predicted RI included
litter depth and herb height. Litter depth was well correlated with
predicted ROS, however, predicted ROS stopped increasing when
litter depth exceeded 20 mm. Other fuel variables correlated with
predicted ROS included 1-h and 100-h downed woody fuel loading
and duff depth. Litter depth was strongly correlated with predicted
FL, however, the relationship between litter depth and predicted FL
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did not flatten as was observed with litter depth and ROS. Other
fuel variables correlated with predicted FL included 1-h, 10-h,
and 1000-h downed woody fuel loading and duff depth. No live
fuel measures were strongly correlated with predicted ROS or FL.
4. Discussion

4.1. Shrub fuels

We did not detect a difference in the shrub fuel stratum
between single dormant and growing season burns in mature pine
flatwoods. This result agrees with past studies in which observed
individual growing season burns in pine flatwoods had only small
(Willcox and Giuliano, 2010; Robertson and Hmielowski, 2014) or
negligible (Hughes and Knox, 1964; Boyer, 1990; Olson and Platt,
1995) negative effects on the shrub layer relative to dormant sea-
son burns. Growing season burning is thought to have a greater
negative effect on shrubs than dormant season burning in
fire-adapted pine forests of the southeastern USA because fires in
the growing season coincide with a period of low carbohydrate
reserves in root structures of understory shrubs. When plants are
top-killed by fire during this time of the year less energy is avail-
able for regrowth, and recovery is delayed (Ferguson, 1957).
Reduced recovery following growing season burning relative to
burns in the dormant season has been observed for saw palmetto
(Willcox and Giuliano, 2010) in pine flatwoods, and deciduous
hardwoods in mixed southern pine woodlands (Robertson and
Hmielowski, 2014), but not gallberry in slash pine forests
(Hughes and Knox, 1964). Carbohydrate reserves for saw palmetto
and gallberry, two of the most common shrub species at our plots
in both geographic regions, are lowest during the mid- to
late-summer (Hughes and Knox, 1964; Hough, 1968). The growing
season burns at our plots occurred in spring and early summer and
did not align well with the period of depleted carbohydrate
reserves, which could help to explain the lack of a significant effect
Table 3
Correlation of FCCS fire behavior predictions with fuel characteristics measured at
season-of-burn treatment plots by sampling time.

Input variable Reaction intensity
(kW m�2)

Rate of spread
(m min�1)

Flame length
(m)

Shrubs
Percent cover �0.425** 0.005 �0.172
Fuel loading �0.132 0.289* 0.237
Height 0.321* 0.227 0.325*

Herbs
Percent cover 0.693*** �0.137 0.162
Fuel loading 0.871*** �0.169 0.215
Height 0.481*** 0.343* 0.480***

Litter
Percent cover �0.743*** 0.098 �0.229
Fuel loading – – –
Depth 0.487*** 0.919*** 0.927***

Duff
Percent cover �0.087 0.465*** 0.364*

Depth 0.099 0.597*** 0.554***

Woody fuels
1-h fuel

loading
0.094 0.514*** 0.500***

10-h fuel
loading

0.143 0.479*** 0.500***

100-h fuel
loading

0.067 0.548*** 0.490***

1000-h fuel
loading

0.428** 0.404** 0.562***

* Significance level: 0.01 < P < 0.05.
** Significance level: 0.001 < P < 0.01.

*** Significance level: P < 0.0001.
in our results. Higher fire intensity during the growing season has
also been suggested as a possible cause of shrub reduction relative
to dormant season burning (Waldrop et al., 1987), although other
studies have found that dormant season fires burn at higher inten-
sity than those in the growing season (Sparks et al., 2002). We did
not detect a difference in MTT, used as a proxy measure for fire
intensity, between season-of-burn treatments, so were unable to
examine the putative relationships between shrub response and
seasonally influenced fire intensity.

We found that other factors, aside from the season of burn,
influence post-fire recovery of the shrub fuel layer in pine flat-
woods. Greater reduction of shrubs at EAFB relative to APSM sug-
gests that prescribed fires can have differential effects on post-fire
shrub dynamics in pine flatwoods across geographic regions.
Differences in post-fire recovery of shrubs in longleaf pine forests
between geographic regions and habitat types have been observed
and attributed to fire intensity (Liu et al., 2004), soil moisture
(Olson and Platt, 1995), and soil texture (Glitzenstein et al.,
2003). Differences in MTT were not observed between plots at
APSM and EAFB and therefore it is unlikely that fire intensity con-
tributed to our observed differences in shrub cover reduction.
Olson and Platt (1995) observed that shrubs at upland pine
savanna sites were slower to recover after burning relative to
shrubs at more poorly drained seepage savannas while
Glitzenstein et al. (2003) noted that pine flatwoods understory
shrub cover was unaffected by high-frequency repeated burning
at sites on Spodosols in northern Florida and significantly reduced
at sites on more finely textured Ultisols in South Carolina. Our
results are consistent with the observation by Glitzenstein et al.
(2003) that shrubs growing on Spodosols are less affected by burn-
ing, but inconsistent with their hypothesis that coarser soil texture
increases resistance of shrubs to stress as soils at EAFB soils are
generally more well-drained and coarsely textured than Spodosol
soils at APSM. For our study, post-fire recovery of the shrub layer
was slower on coarse-textured, well-drained soils (e.g. EAFB) and
reflects observations by Olson and Platt (1995). The relationship
between soils and post-fire shrub recovery at our plots is equivo-
cal, however, as we lack specific soil typing and, are relying on pub-
lished soil surveys which may not accurately represent the actual
soil type at our treatment plots owing to the spatial variability
within geographic regions.

The shrub stratum is an important determinant of fire behavior
in southeastern pine forest types (Andreu et al., 2012). Relevant
characteristics of this stratum include fuel loading, cover, and
height (Hough and Albini, 1978; Brose and Wade, 2002). In pine
flatwoods, resprouting shrub stems recover height and accumulate
biomass quickly following disturbance, which, over several years
without burning can contribute a large fraction to the surface fuel
load (McNab et al., 1978; Kreye et al., 2014). In stands with a
shrub-dominated understory, as is typical for pine flatwoods,
potential fire behavior can increase to undesirable levels within
five years of treatment due to high fuel loading of shrubs and litter
(Brose and Wade, 2002). To control accumulations of hazardous
fuels, including shrubs, management activities focus on: (1) con-
tinually top-killing shrubs to keep fuel loading and heights low,
or (2) contributing to shrub mortality to reduce the capacity of veg-
etation to fully recover and thereby reduce the maximum level of
accumulation that is possible between treatments. Frequent pre-
scribed burning over the past 20 years at our plots has maintained
relatively low loading and height of shrubs relative to
long-unburned pine flatwoods where shrub fuel loading can be
considerably higher (Kreye et al., 2014). Given the recent manage-
ment history of our plots, initial fuel loads, and therefore the total
amount that could be reduced following prescribed burns, were
well below those associated with a high difficulty of fire suppres-
sion (Brose and Wade, 2002). Changes in shrub cover before and
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after treatment for growing and dormant season burns (Fig. 4)
were also well below Hough and Albini’s (1978) 15%, 50%, and
85% palmetto cover categories that correspond to saw palmetto
quantities above which marked changes in fire behavior are
expected. Furthermore, pre- and post-treatment shrub cover for
both season-of-burn treatments was not significantly different,
suggesting shrub cover returns to pre-fire levels rapidly.

4.2. Herb dynamics

Measures of the herb fuel layer did not differ between
season-of-burn treatments. Other studies in southeastern
pine-dominated ecosystems show there to be wide variability in
herb response to single burns (e.g., Hiers et al., 2000; Brewer,
2006) suggesting that it can be difficult to assess a treatment effect
when species with different phenologies and responses to fire are
grouped together by life form. Variability in post-fire regrowth
has also been observed within a single species (Sparks et al.,
1998) suggesting that multiple factors can influence herb growth
following a single fire. While we attempted to control for some fac-
tors by selecting compositionally comparable plots and using
in-fire temperature measurements to adjust for differences in fire
intensity, other confounding factors may have been present. For
instance, our study locations were substantially colder and wetter
than normal during the dormant season burn treatments, and war-
mer and slightly drier than normal during the growing season burn
treatments (Fig. 6). Since precipitation during the growing season
is known to affect herb growth in pine flatwoods (Grelen and
Lohrey, 1978), effects of season-of-burn may have been over-
whelmed by a departure from normal precipitation levels from
the dormant to the growing season. In addition, we may not have
detected a season-of-burn effect on herbaceous fuels due to the
coarse temporal scale (i.e., annual) of our post-treatment measure-
ments. Although one year is a relevant time-step for prescribed fire
and fuels management, detecting the effect of a single
Fig. 6. Departure from 1971 to 2000 precipitation and temperature climate normals
Cooperative Station ID 088758, Tallahassee, Florida) and EAFB (NOAA Cooperative Statio
the burn treatments from September 2009 to August 2010.
season-of-burn treatment on herbs may require weekly or monthly
sampling as was conducted in other studies that did observe
effects related to season-of-burning (Platt et al., 1988; Hiers
et al., 2000; Shepherd et al., 2012).

Potential fire behavior is unlikely to be affected by the small
variations in the herb layer we observed because, as with the shrub
layer, herb cover, fuel loading, and height were well below thresh-
olds known to produce extreme fire behavior. By virtue of its over-
all lower fuel loading, the herb fuel stratum in pine flatwoods does
not contribute to fire behavior to the same degree as other fuels
that comprise a greater portion of the total fuelbed such as shrubs
and litter. Fire behavior observations in grasslands (Cheney et al.,
1998; Setterfield et al., 2010) and laboratory settings (Kreye
et al., 2013) show that fuel loading must change by several mega-
grams per hectare to substantially affect fire behavior. At our plots
herb loading ranged from 0.10 to 2.39 Mg ha�1 and on average
comprised only 13.7 ± 1.4% of the total fine fuel loading.

4.3. Predicted fire behavior

Predicted fire behavior for post-treatment fuelbeds for plots
burned in the dormant and growing seasons were not different.
This not only reflects the nonsignificant effects of season-of-burn
on the recovery of live fuels at our plots, but also the relatively
low loading of total fine surface fuels in frequently burned pine
flatwoods. The range of biomass of total fine surface fuels (i.e.,
shrubs, herbs, litter, and downed-woody fuels < 2.54 cm in diame-
ter) for all plots and sampling times in this study ranged from 4.25
to 10.41 Mg ha�1 and represents the lower end of sampled fuel
conditions in studies that have assessed fire behavior in forested
ecosystems in the USA. For instance, Brose and Wade (2002) sam-
pled fuels before and after fuels reduction treatments in pine plan-
tations and pine flatwoods in northern Florida and found that total
fine surface fuel loading ranged from 4.46 to 60.87 Mg ha�1. They
also report that predicted fire behavior would result in low
(National Oceanic and Atmospheric Association (NOAA), 2002) for APSM (NOAA
n ID 086240, Niceville, Florida) in study area during a 12 month period surrounding
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difficulty of fire suppression for plots with total fine surface fuel
loading up to 26.77 Mg ha�1. Other studies throughout the USA
have examined the effect of fuel treatments on fire behavior and
found that substantial differences in fire behavior were associated
with changes in total fine surface fuel loading on the order to 10s of
Mg ha�1 (Youngblood et al., 2008; McGinnis et al., 2010), further
highlighting the narrow range of sampled fuel conditions and fire
potential at the low end of the continuum that our plots represent.
In their current state the fuels on our plots are what would be con-
sidered well-managed and any changes associated with
season-of-burn treatments would not influence fire behavior on a
scale likely to affect fire control efforts.

The litter layer plays an important role in fire behavior for fuel
types with a longleaf pine overstory (Wahlenburg, 1946; Mitchell
et al., 2009), such as pine flatwoods, and in pine-dominated ecosys-
tems with a low severity fire regime, in general (Agee, 1998). Pine
litter is important in the longleaf pine flatwoods fuel type because
needles have high energy content (Reid and Robertson, 2012) and
the overstory can quickly produce enough litterfall annually to cre-
ate a continuous fine dead fuel layer that will readily carry fire.
There is also a synergistic effect with the herb fuel layer, primarily
bunchgrasses, which, when dominant, can loft litter and orient
individual needles vertically (Hendricks et al., 2002). This orienta-
tion of the litter increases the rate of litter drying (Nelson and
Hiers, 2008) and the probability of ignition. Litter depth was highly
correlated with predicted ROS and FL and litter fuel loading, while
not a direct input into FCCS, would have been highly correlated
with these measures of fire behavior. Cover of litter was less corre-
lated with predicted fire behavior because there was little variation
in coverage (86.3 ± 1.6%) among plots for each sampling time. For
this study litter was the dominant fine surface fuel, accounting
for 47.9 ± 1.7% of total fine surface fuel loading on average. In other
studies of fuels in pine flatwoods, litter accounted for an even lar-
ger fraction of total fine surface fuels. Kreye et al. (2014) recorded
litter fuel loading of 11.1 Mg ha�1 and 14.3 Mg ha�1 which was
74.1% and 69.4% of total fine surface fuel loading,
1 year and 2 years after mowing treatments, respectively, in
burned, mature pine flatwoods on the Osceola National Forest in
northern Florida, USA, approximately 170 km east of our eastern-
most plots. The high correlation we observed between herb cover
and loading with RI is surprising as herbs were a relatively minor
component of the surface fuel complex on our plots. The high herb
layer correlation with predicted RI was a function of the manner in
which the FCCS fire spread model partitions RI calculations by indi-
vidual fuelbed strata making it sensitive to different fuel moisture
levels for each stratum. In our environmental benchmark scenario,
herb fuel moisture was lower than shrub fuel moisture (60% vs.
90%), which may have over-weighted the influence of the herb fuel
layer.
4.4. Management implications

Existing literature consistently points to the length of the
fire-free interval as a driver of fuel composition and amount, and
of potential fire behavior in pine flatwoods (Hough and Albini,
1978; Brose and Wade, 2002; Kreye et al., 2014), and suggests that
land managers should prioritize frequent burning (<5 years) to
maintain low fuel loading (O’Brien et al., 2010). Our results showed
that a single growing season prescribed fire did not affect live fuel
recovery or predicted fire behavior differentially than a dormant
season prescribed fire for up to two years following burning for fre-
quently burned pine flatwoods. Based on this study, managers
should not expect dramatic changes in fuel amounts, composition,
structure, or fire behavior in this ecosystem regardless of
season-of-burn following a single prescribed fire.
This study examined the effects of burning in the dormant and
growing seasons on fuel recovery and found only subtle differ-
ences; management decisions should carefully weigh treatment
goals, not just on the effects on potential fire behavior. For
instance, the decision to use prescribed fire in pine flatwoods to
restore or maintain habitat characteristics or understory plant
diversity may take precedence over simply maintaining low fuel
loading levels. An open understory with a large wiregrass compo-
nent is desirable for some rare species that prefer an open herba-
ceous understory such as the red-cockaded woodpecker (Van
Balen and Doerr, 1978; James et al., 1997) and gopher tortoise
(Cox et al., 1987). For ecological goals such as these, a single grow-
ing season burn may produce beneficial effects. For example,
Shepherd et al. (2012) found that relative to dormant season burn-
ing, a single growing season burn increased seed production for
some grass species common to pine savannas. While decades of
dormant season prescribed burning have shown that hazardous
fuels in pine flatwoods can be managed effectively with prescribed
fire, incorporating growing season prescribed fire may help to
achieve ecological goals while maintaining acceptable surface fuel
levels if burns can be conducted with sufficient frequency (i.e., at
least once every five years).

Pine flatwoods typically occur as part of a mosaic of multiple
vegetation types with different fire regimes and management goals
within operation prescribed fire boundaries. Design and imple-
mentation of prescribed fire burning regimes should incorporate
frequency and season-of-burn, and should consider management
objectives for all vegetation types.

Based on other published work (Haywood et al., 2001;
Glitzenstein et al., 2003) we expect that multiple burns spaced at
short intervals (1–3 years) and consistently applied in the growing
season may incrementally change the composition, amount, and
structure of live surface fuels and alter potential fire behavior.
While changes associated with growing season burning may ini-
tially be subtle, managers should monitor live fuels as cumulative
incremental changes may produce a fuel complex with different
fire behavior characteristics. Over longer periods of time, however,
repeated burning at short fire-return intervals (1–2 years) has been
shown to substantially reduce shrubs (Brockway and Lewis, 1997),
especially for burns conducted in the growing season in some geo-
graphic regions in the pine flatwoods ecosystem (Haywood et al.,
2001; Glitzenstein et al., 2003).
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plot at each sampling period

See Tables A1–A4.



Table A1
Mean understory live fuel variables for each treatment plot at each sampling time at EAFB in mesic longleaf pine flatwoods in northern Florida, USA used as inputs to create
custom FCCS fuelbeds.

Plot no. Sample time Shrubs Herbs

Cover (%) Biomass (Mg ha�1) Height (m) Cover (%) Biomass (Mg ha�1) Height (m)

Dormant season plots
1 Pre 39 4.48 0.75 13 0.44 0.32

1-year post 27 1.90 0.47 12 0.62 0.24
2-years post 34 1.80 0.60 12 0.84 0.13

2 Pre 32 2.67 0.67 48 1.96 0.35
1-year post 20 1.16 0.49 29 1.53 0.25
2-years post 21 1.10 0.63 39 2.39 0.23

3 Pre 41 2.10 0.57 23 1.51 0.33
1-year post 39 2.32 0.50 21 0.71 0.26
2-years post 30 2.17 0.52 21 1.33 0.23

4 Pre 44 3.46 0.60 7 0.14 0.20
1-year post 34 1.63 0.45 6 0.23 0.14
2-years post 34 1.69 0.52 7 0.25 0.17

Growing season plots
5 Pre 36 1.55 0.53 7 0.21 0.19

1-year post 31 1.32 0.50 6 0.34 0.21
2-years post 35 1.55 0.50 8 0.20 0.17

6 Pre 43 2.56 0.87 19 0.60 0.25
1-year post 24 1.04 0.55 15 0.54 0.17
2-years post 33 1.97 0.61 15 0.59 0.11

7 Pre 36 1.57 0.63 24 1.13 0.24
1-year post 24 1.48 0.51 19 1.33 0.22
2-years post 43 1.77 0.55 23 1.10 0.25

8 Pre 42 2.26 0.51 38 1.80 0.29
1-year post 29 1.74 0.44 22 1.46 0.15
2-years post 26 1.71 0.50 19 1.03 0.23

Table A2
Mean understory live fuel variables for each treatment plots at each sampling time at APSM in mesic longleaf pine flatwoods in northern Florida, USA used as inputs to create
custom FCCS fuelbeds.

Plot no. Sample time Shrubs Herbs

Cover (%) Biomass (Mg ha�1) Height (m) Cover (%) Biomass (Mg ha�1) Height (m)

Dormant season plots
9 Pre 31 1.75 0.51 42 1.36 0.22

1-year post 35 1.59 0.38 15 1.09 0.18
2-years post 39 2.36 0.40 20 1.24 0.16

10 Pre 52 2.78 0.60 4 0.10 0.25
1-year post 46 3.28 0.43 2 0.13 0.11
2-years post 58 2.43 0.51 3 0.22 0.11

11 Pre 57 3.58 0.53 4 0.22 0.29
1-year post 54 2.62 0.44 4 0.19 0.10
2-years post 61 2.99 0.48 4 0.22 0.11

12 Pre 35 2.40 0.51 10 0.68 0.32
1-year post 32 1.83 0.39 8 0.28 0.19
2-years post 37 2.03 0.44 8 0.26 0.16

Growing season plots
13 Pre 43 1.61 0.43 34 0.79 0.27

1-year post 39 1.95 0.42 11 0.75 0.22
2-years post 46 1.68 0.44 14 0.78 0.18

14 Pre 28 0.94 0.52 37 0.78 0.25
1-year post 29 1.37 0.48 17 0.99 0.24
2-years post 40 1.28 0.48 25 1.14 0.27

15 Pre 45 2.62 0.50 9 0.64 0.28
1-year post 40 1.83 0.42 11 0.54 0.14
2-years post 54 2.11 0.42 20 0.84 0.12

16 Pre 67 5.15 0.63 6 0.53 0.29
1-year post 61 4.06 0.54 5 0.28 0.13
2-years post 80 4.43 0.67 8 0.28 0.12
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Table A3
Mean understory dead fuel variables for each treatment plot at each sampling time at EAFB in mesic longleaf pine flatwoods in northern Florida, USA used as inputs to create
custom FCCS fuelbeds.

Plot no. Sample time Litter Duff Woody fuel biomass

Cover (%) Biomass (Mg ha�1) Depth (mm) Cover (%) Depth (mm) 1-h (Mg ha�1) 10-h (Mg ha�1) 100-h (Mg ha�1) 1000-h (Mg ha�1)

Dormant season plots
1 Pre 89 3.67 23 48 35 0.21 0.97 1.45 10.00

1-year post 88 2.39 18 56 23 0.10 0.76 1.13 8.83
2-years post 92 3.09 23 42 23 0.07 0.59 1.30 7.53

2 Pre 53 2.66 25 25 11 0.13 0.51 0.77 5.52
1-year post 70 1.77 15 28 12 0.05 0.54 0.74 4.66
2-years post 61 2.07 15 22 11 0.09 0.37 0.62 4.25

3 Pre 78 3.13 20 68 23 0.13 0.72 1.07 4.77
1-year post 79 3.54 23 45 19 0.10 0.70 0.76 4.81
2-years post 80 4.39 25 68 19 0.08 0.42 0.82 2.65

4 Pre 92 3.77 28 77 40 0.20 0.55 1.04 0.22
1-year post 93 2.42 15 45 33 0.16 0.67 1.05 0.22
2-years post 93 3.08 18 46 49 0.10 0.53 1.19 0.36

Growing season plots
5 Pre 96 4.90 20 44 9 0.07 0.71 0.66 1.65

1-year post 97 2.22 15 52 16 0.08 0.45 0.59 0.74
2-years post 96 2.92 13 42 15 0.05 0.52 0.59 0.84

6 Pre 80 3.99 25 48 42 0.15 0.96 1.36 4.53
1-year post 88 2.18 15 34 27 0.13 0.89 0.88 4.11
2-years post 89 4.09 20 49 36 0.21 0.59 1.05 3.40

7 Pre 79 3.19 20 29 14 0.06 1.00 0.31 0.65
1-year post 82 1.88 15 20 13 0.09 0.54 0.42 0.49
2-years post 78 2.49 13 8 13 0.02 0.33 0.36 0.58

8 Pre 63 3.12 23 18 17 0.07 0.57 0.43 0.75
1-year post 78 1.14 13 24 7 0.06 0.22 0.43 0.58
2-years post 82 2.29 13 15 17 0.04 0.17 0.51 0.11

Table A4
Mean understory dead fuel variables for each treatment plot at each sampling time at APSM in mesic longleaf pine flatwoods in northern Florida, USA used as inputs to create
custom FCCS fuelbeds.

Plot no. Sample time Litter Duff Woody fuels

Cover (%) Biomass (Mg ha�1) Depth (mm) Cover (%) Depth (mm) 1-h (Mg ha�1) 10-h (Mg ha�1) 100-h (Mg ha�1) 1000-h (Mg ha�1)

Dormant season plots
9 Pre 57 2.11 15 8 13 0.04 0.36 0.32 0.26

1-year post 85 1.06 8 2 4 0.02 0.48 0.29 0.37
2-years post 81 2.59 8 46 2 0.04 0.39 0.39 0.36

10 Pre 94 4.80 20 35 9 0.03 0.32 0.73 2.86
1-year post 96 1.47 10 10 16 0.04 0.34 0.71 2.22
2-years post 96 2.93 8 44 4 0.04 0.29 0.88 2.27

11 Pre 98 4.90 23 62 19 0.22 0.41 0.57 1.19
1-year post 99 2.00 10 34 6 0.06 0.57 0.62 1.11
2-years post 99 3.93 10 78 8 0.08 0.50 0.66 0.83

12 Pre 91 6.52 23 41 8 0.08 0.73 0.54 0.61
1-year post 92 2.34 15 24 12 0.12 0.64 0.51 0.63
2-years post 92 4.71 10 65 5 0.15 0.79 0.51 0.51

Growing season plots
13 Pre 76 2.66 13 2 4 0.00 0.24 0.68 1.48

1-year post 93 1.53 13 3 10 0.01 0.35 0.57 1.05
2-years post 91 2.33 10 22 4 0.01 0.38 0.62 0.96

14 Pre 73 4.01 15 18 7 0.01 0.37 0.80 1.43
1-year post 91 2.21 13 20 10 0.00 0.54 0.51 2.04
2-years post 87 3.36 15 17 10 0.01 0.74 0.53 1.58

15 Pre 95 2.50 13 12 8 0.06 0.32 0.59 1.37
1-year post 96 1.51 10 16 7 0.02 0.62 0.45 0.97
2-years post 94 2.57 18 32 9 0.07 0.61 0.54 0.75

16 Pre 95 2.74 13 58 18 0.25 0.29 0.20 1.07
1-year post 98 1.37 10 54 13 0.10 0.50 0.29 0.76
2-years post 97 1.96 15 38 21 0.16 0.67 0.43 0.53
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Table B1
Season-of-burn (growing vs. dormant season) and geographic region (APSM vs. EAFB)
comparisons of MTT ð�x � SEÞ.

Treatment MTT (�C) P

Season-of-burn
Growing season 403 ± 19 0.190
Dormant season 443 ± 22

Geographic region
APSM 439 ± 21 0.299
EAFB 407 ± 21
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Appendix B. Ancillary statistical test results

See Table B1.
Table C2
Comparison of significant terms for overall repeated measures ANOVA statistical tests
for raw data and data adjusted for phenological differences in shrub cover and herb
cover, and height.

Fuel stratum Term P

Raw data Adjusted data

Shrubs
Cover (%) Region 0.026 0.031

Time <0.001 <0.001
Season � time 0.057 0.043
Region � time <0.001 <0.001

Herbs
Cover (%) Time 0.009 0.002
Loading (Mg ha�1) No significant terms n.a. n.a.
Height (m) Time <0.001 <0.001

Table C3
Comparison of significant terms for Tukey’s HSD multiple comparison statistical tests
for raw data and data adjusted for phenological differences in shrub cover and herb
cover and height.

Fuel stratum Term P

Raw data Adjusted data

Shrubs
Cover (%) APSM – 2-year post 0.004 0.007

EAFB – 2-year post

Herbs
Cover (%) n.a.
Height (m) n.a.
Appendix C. Paired plot sampling to adjust for phenological
differences of live fuels

Post-fire sampling times were spaced at annual increments
after treatment burns to allow for a full growing season for vegeta-
tion recovery, which resulted in plots being sampled from January
to July. This provided equal periods of recovery among our plots
but phenological differences in live fuels between plots sampled
in the dormant and growing seasons may have been present and
could have affected hypothesis testing. Differences in live fuels
between the dormant and growing seasons have been observed
elsewhere in the southeastern USA (Sparks et al., 2002). We felt
that phenological differences in shrubs were minor and limited
to cover. At our plots the majority of understory shrubs (i.e. saw
palmetto, gallberry, dwarf live oak, and Darrow’s blueberry) were
evergreen and unlikely to express strong phenological differences
that would affect our response variables. As such, changes in load-
ing and height would be attributable completely to growth rather
than seasonal changes and were not tested. However, some decid-
uous species were present in small numbers including huckleberry
(Gaylussacia Kunth), gopher apple (Licania michauxii Prance), and
highbush blueberry (Vaccinium corymbosum L.) and this could have
significantly influenced cover estimates beyond increases attribu-
table only to growth. The herb layer was dominated by wiregrass
which retains foliage throughout the year and phenological differ-
ences would likely be limited to height as plants tend to flatten
during the dormant season. Some perennial forbs, whose foliage
decomposes rapidly after the plant enters dormancy, were also
present at our plots. Phenology of these plants could affect cover,
fuel loading, and height of the herb layer.

To account for these differences we sampled 10 paired February
(sampled before leaf emergence) and May (leaves fully emerged)
subplots at two plots in each region in 2012. Odd numbered sub-
plots from the main study were used as paired plots. Shrub cover
and herb cover and height data were sampled along subplot tran-
sects before (February) and after (May) leaf emergence. For herb
fuel loading, additional biomass subplots were paired with existing
Table C1
Live fuel ð�x� SEÞ cover, loading, and height for paired February (before leaf emergence) and
for fuels sampled after leaf out (mean ratio value applied on weighted scale based on tim

Fuel layer Fuel property February

Shrub Cover (%) 42.00 ± 9.60
Loading (Mg ha�1) 2.24 ± 0.83
Height (m) 1.30 ± 0.30

Herbaceous Cover (%) 17.20 ± 5.60
Loading (Mg ha�1) 0.84 ± 0.54
Height (m) 0.60 ± 0.20
subplots (within 2 m) at locations where density and structure of
live fuels were visually similar. Measurements of shrub and herb
cover, biomass, and height were collected by using the same meth-
ods outlined in the methods (Section 2.3). A paired t test was con-
ducted to determine whether differences in fuel variables existed
between the February and May sampling times (Table C1). Shrub
cover, and herb cover, loading, and height were adjusted by apply-
ing the ratio of mean February-to-May values on a weighted scale
according to time-since-leaf emergence to plots for which sample
times fell between initial leaf emergence (defined as March 15,
the beginning of the growing season) and full leaf emergence
(defined as May 15) to remove phenological effects. For instance,
to adjust a hypothetical plot measured on April 15 with 45% shrub
cover for phenological differences, the adjustment ratio of
0.822 (Table C1; February shrub cover divided by May shrub
cover from paired plots), is scaled to mid-April by adding it to
the product of the ratio of time to full leaf emergence from the
sampling date (30 days) to time between initial and full leaf
emergence (61 days) and the inverse of the adjustment ratio
(1–0.822). This gives a time-weighted adjustment ratio of 0.910
(0.822 + (0.492 � 0.178)) and an adjusted shrub cover of 41%.
Live fuels analyses were re-calculated with adjusted data to test
whether the phenological differences in fuels we detected had an
May (after leaf emergence) plots, results of Student’s t-test, and adjustment ratio used
e-since-leaf emergence).

May P Adjustment ratio

51.00 ± 9.40 <0.001 0.822 (0.901)
2.42 ± 0.88 0.298 n.a.
1.50 ± 0.30 0.011 n.a.

21.20 ± 5.00 <0.001 0.811 (0.893)
1.05 ± 0.53 0.039 0.798 (0.890)
0.70 ± 0.20 0.080 0.906 (0.946)
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effect on statistical results. There was no change in significance for
terms in the overall repeated measures analysis of variance tests or
post hoc multiple comparison tests for any live fuel variable
(Tables C2 and C3).
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